Observation of wall-vortex composite defects in a spinor Bose-Einstein
  condensate by Kang, Seji et al.
Observation of wall-vortex composite defects in a spinor Bose-Einstein condensate
Seji Kang,1, 2 Sang Won Seo,1 Hiromitsu Takeuchi,3 and Y. Shin1, 2, ∗
1Department of Physics and Astronomy, and Institute of Applied Physics, Seoul National University, Seoul 08826, Korea
2Center for Correlated Electron Systems, Institute for Basic Science (IBS), Seoul 08826, Korea
3Department of Physics and Nambu Yoichiro Institute of Theoretical and
Experimental Physics (NITEP), Osaka City University, Osaka 558-8585, Japan
We report the observation of spin domain walls bounded by half-quantum vortices (HQVs) in a
spin-1 Bose-Einstein condensate with antiferromagnetic interactions. A spinor condensate is initially
prepared in the easy-plane polar phase, and then, suddenly quenched into the easy-axis polar phase.
Domain walls are created via the spontaneous Z2 symmetry breaking in the phase transition and the
walls dynamically split into composite defects due to snake instability. The end points of the defects
are identified as HQVs for the polar order parameter and the mass supercurrent in their proximity
is demonstrated using Bragg scattering. In a strong quench regime, we observe that singly charged
quantum vortices are formed with the relaxation of free wall-vortex composite defects. Our results
demonstrate a nucleation mechanism for composite defects via phase transition dynamics.
Topological defects in a continuous ordered system are
a splendid manifestation of symmetry breaking, with
their fundamental types, such as walls, strings, and
monopoles, inevitably determined by the topology of the
order parameter space. However, if there is a hierarchy
of energy (length) scales with different symmetries, com-
posite defects, such as domain walls bounded by strings
and strings terminated by monopoles may exist in the
system [1]. In cosmology, it has been noted that such
composite defects can be nucleated through successive
phase transitions with different symmetry breaking in
grand unification theories; furthermore, composite defect
formation has been proposed as a possible mechanism for
galaxy formation [1, 2] and baryogenesis [3] in the early
Universe.
Spinful superfluid systems with multiple symmetry
breaking provide an experimental platform for studying
the physics of composite defects and, thus, to examine
the cosmological scenario. In superfluid 3He-B, it has
been observed that a spin-mass vortex, on which a pla-
nar soliton terminates, can survive after phase transitions
by being pinned on the vortex lattice [4, 5] or nafen [6].
Composite defects have also been theoretically studied
in the atomic Bose-Einstein condensate (BEC) system.
Vortex confinement with a domain wall was predicted to
occur in a two-component BEC under coherent intercom-
ponent coupling [7]. In particular, for a spin-1 Bose gas
with antiferromagnetic interactions, half-quantum vor-
tices (HQVs) joined by a spin domain wall were antici-
pated to be responsible for the emergence of an exotic 2D
superfluid phase with spin-singlet pair correlations [8, 9].
In this Letter, we report the experimental observation
of wall-vortex composite defects in a quasi-2D antifer-
romagnetic spin-1 BEC. The composite defects are nu-
cleated via a two-step instability mechanism in quantum
quench dynamics from the easy-plane polar (EPP) phase
into the easy-axis polar (EAP) phase. In the first step,
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spontaneous Z2 symmetry breaking causes domain wall
formation, the core of which is occupied by the EPP
phase. In the second step, the snake instability splits the
domain walls into segments, with each segment forming
a composite defect, which is a domain wall terminating
on a HQV [10]. The mass supercurrent in proximity to
the wall end point is demonstrated using Bragg scatter-
ing [11]. We also observe that singly charged quantum
vortices (QVs) can be formed by the relaxation of free
composite defects. Our results directly demonstrate the
existence of wall-vortex composite defects and their nu-
cleation mechanism via phase transition dynamics in a
spinful superfluid system.
The experiment is performed with a BEC of 23Na
atoms in the F = 1 hyperfine state having an antifer-
romagnetic spin interaction coefficient c2 > 0 [12]. The
ground state of a spin-1 antiferromagnetic BEC is a polar
state with 〈F〉 = 0 [13, 14], where F = (Fx, Fy, Fz) is the
spin operator of the particle. The order parameter of the
BEC is parametrized with the superfluid phase φ and a
real unit vector dˆ = (dx, dy, dz) for the spin director, and
is expressed as
ψ =
ψ+1ψ0
ψ−1
 = √neiφ
−
dx−idy√
2
dz
(dx+idy)√
2
 , (1)
where ψmz=0,±1 is the condensate wave function of the
|mz〉 Zeeman component and n is the particle density.
In the presence of an external magnetic field, e.g., along
the z axis, uniaxial spin anisotropy is imposed by the
quadratic Zeeman energy Ez = q(1−d2z) and the ground
state of the system is the EAP state with dˆ = ±zˆ for
q > 0 and the EPP state with dˆ ⊥ zˆ for q < 0.
As a means of creating wall-vortex composite defects,
we employ the quantum quench dynamics from the EPP
phase to the EAP phase via a sudden change of spin
anisotropy, which can be implemented by dynamically
controlling the q value [15, 16]. Because of the positional
difference between the two phases in the order parame-
ter space, the quench dynamics involves spontaneous Z2
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FIG. 1. Schematic illustration of the wall-vortex composite
defect in the EAP phase of an antiferromagnetic spinor BEC.
The order parameter of the polar phase has a discrete symme-
try under the operation of (φ, dˆ)→ (φ+ pi,−dˆ). The double-
head arrow denotes the spin director dˆ and the color of each
arrow head indicates the superfluid phase φ. (a) Domain wall
at the interface of two domains with opposite spin directions.
dˆ flips to the opposite direction across the wall. The density
distributions n0,±1 of the three mz = 0,±1 spin components
are displayed. (b) Domain wall bounded by a HQV. As the
two domains are continuously connected to each other with
changing φ by pi, the domain wall spatially terminates and a
HQV is formed at the wall end point.
symmetry breaking, as dˆ⊥zˆ → dˆ =±zˆ. For q>0, the
initial EPP state is dynamically unstable so that spin
fluctuations will be exponentially amplified via the spin
exchange process of |+1〉|−1〉 → |0〉|0〉 [17]. The micro-
scopic origin of the Z2 symmetry breaking arises from
the two equivalent choices for the phase of the |0〉 com-
ponent. A rapid quench can give rise to a complex net-
work of domain walls in a uniform system according to
the Kibble-Zurek mechanism [18, 19].
The spatial structure of a domain wall is described in
Fig. 1(a), which is formed at the interface between two
domains with opposite spin directions. Here dˆ is denoted
by a double-head arrow and the superfluid phase is in-
dicated by the color of each arrow head, reflecting the
discrete symmetry of the order parameter under the op-
eration of (φ, dˆ)→ (φ+pi,−dˆ) [20]. In the wall region, dˆ
continuously flips to the opposite direction and the |±1〉
components are present, sandwiched by the |0〉 compo-
nent. The wall thickness is determined by the competi-
tion between the quadratic Zeeman energy and the gradi-
ent energy associated with the vector field dˆ(r), giving a
characteristic length scale of ξq = ~/
√
2mq for q  µ
with the particle mass m and the chemical potential
µ [21]. An interesting observation is that the two domains
separated by the wall comprise only the |0〉 component,
which means that they can be continuously connected to
each other by varying φ without flipping dˆ, thus, allow-
ing spatial termination of the domain wall as shown in
Fig. 1(b). In this case, the wall end point exhibits a su-
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FIG. 2. Creation of wall-vortex composite defects in a BEC
via quantum quench into the EAP phase. Time-of-flight ab-
sorption images of the three spin components of the BEC
at various hold times t after the quench for qf/h = 1.0 Hz.
Density-depleted lines in the mz = 0 component represent
the position of domain walls, which are filled by the mz = ±1
components.
perfluid phase winding of pi, forming a HQV [10]. This
is the wall-vortex composite defect expected in the EAP
phase. The spatial structure of the composite defect is
analogous to that of the spin-mass vortex, also referred
to as a θ soliton, in superfluid 3He [4, 6, 21].
We prepare a condensate containing Nc ≈ 8.0 ×
106 atoms in the |F=1,mF=0〉 hyperfine spin state
in an optical dipole trap with trapping frequencies of
(ωx, ωy, ωz) = 2pi×(3.8, 5.5, 402) Hz. The Thomas-Fermi
radii for the trapped condensate are (Rx, Ry, Rz) ≈
(230, 160, 2.2) µm. The external magnetic field is Bz =
33 mG, giving q/h = 0.3 Hz, and the field gradient is
controlled to be less than 0.1 mG/cm [22]. The EPP-
to-EAP quench dynamics is initiated by rotating dˆ from
zˆ to the xy plane by applying a short rf pulse and then
suddenly changing the q value to a target value qf > 0
using a microwave dressing technique [10].
The postquench evolution of the BEC is examined by
measuring the spatial density distributions of the three
spin components at a variable hold time t with taking
an absorption image after Stern-Gerlach (SG) spin sep-
aration for 24 ms time-of-flight [22]. The spin healing
length is ξs = ~/
√
2mc2n0 ≈ 4.0 µm for the peak atom
density n0, and our highly oblate sample with Rz < ξs
constitutes a quasi-2D system for spin dynamics. In our
experiment, qf , which represents the initial excitation
energy per particle with respect to the ground state, is
much smaller than µ ≈ h × 880 Hz, so incurrence of
density perturbations is energetically improbable. Note
that qf  µ sets a clear hierarchy of energy scales in the
system [21].
Figure 2 shows several images of the quenched con-
densate after various hold times for qf/h = 1.0 Hz. In
the early stage of the quench dynamics, a few line de-
3fects are clearly observed to appear across the condensate
[Fig. 2(a)]. The |0〉 component shows density-depleted
trenches and the trench regions are filled by both of the
|±1〉 components, consistent with the spin distribution
for the domain wall described in Fig. 1(a). The high visi-
bility of the trench in the |0〉 component after such a long
time-of-flight reflects the nature of a topological soliton.
At later t > 0.2 s, the line defects are typically observed
to end in the middle of the condensate [Figs. 2(b) and
2(c)]. The profile of the total condensate density was
confirmed to remain unperturbed by imaging without SG
spin separation. Such a smooth wall termination is the
key characteristic of the wall-vortex composite defects.
As t increases, the end point seems to recede toward the
boundary of the condensate with the decrease of the do-
main wall length [Fig. 2(d)], which we attribute to the
wall tension due to the quadratic Zeeman energy. It is
noteworthy that ring-shaped domain walls were sporadi-
cally observed [21], which is reminiscent of a 2D skyrmion
that is also a topologically allowed defect for the polar
phase [23].
To corroborate the existence of HQVs at the wall end
points, we measure the mass superflow distribution using
a spatially resolved Bragg scattering method [11]. Before
applying a pulse of magnetic field gradient for the SG spin
separation, we irradiate two pairs of counterpropagating
Bragg laser beams onto the sample in the xy plane for
0.8 ms. The frequencies of the laser beams are set to be
resonant to atoms with a velocity of 0.3 mm/s ≈ 0.4 ~mξs
so that the atoms that have such high velocities near the
HQV cores may be scattered out of the condensate. The
HQV core size is characterized by ξs [10, 24, 25]. Then,
the mass circulation around the HQVs can be identified
by examining the spatial distribution of the scattered
atoms with respect to the wall end points [21, 26].
Two examples of data of the Bragg scattering measure-
ment are provided in Fig. 3. In the case of Fig. 3(a), a
single domain wall terminates in the center region and
a strong scattering signal is detected at the front side
of its end point, consistent with the mass flow expected
from a HQV with counterclockwise circulation at the end
point [Fig. 3(e)]. Figure 3(b) presents another case in
which two end points are close to each other. The Bragg
signal shows that a superflow passes through the gap be-
tween the two walls, indicating that the two HQVs at
their end points have opposite circulations [Fig. 3(f)].
The spatial configuration of the two walls, together with
the superflow pattern, conjures up the possibility that
they might be formed by breaking a single domain wall
that initially traverses the condensate [Fig. 2(a)].
The domain wall can be viewed as a three-component
soliton [27–29], where a dark soliton of the |0〉 component
with a pi phase step coexists with the bright solitons of
the |±1〉 components. A dark soliton in a scalar BEC
is dynamically unstable due to snake instability, which
causes a local Josephson current by breaking the soli-
ton [30–32]. If a similar mechanism is active for the do-
main wall, the wall can break into many free composite
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FIG. 3. Detection of superflow near the defect end points
by using Bragg scattering [11]. (a,b) Absorption images of
the mz = 0 component at t = 600 ms after quench for
qf/h = 2.6 Hz and (c,d) the corresponding images of the
Bragg signal SB [21], where the color indicates the direction
of the superflow along the Bragg scattering axis (x′). The
• (×) mark denotes the counterclockwise (clockwise) circu-
lation directions of the HQVs at the wall end points. The
dashed lines indicate the boundary of the whole condensate.
(e,f) Schematic description of the composite defect configura-
tions corresponding to (a) and (b), respectively. The domain
wall region is denoted by a grey area with a white center line
and the superflow direction is indicated by a red arrow.
defects, i.e., domain walls bounded by two HQVs at both
ends. In the experiment with qf/h = 1.0 Hz, however,
we rarely observed free composite defects detached from
the condensate boundary, which means that the domain
wall does not suffer much from the snake instability. It is
the |±1〉 components at the wall core that suppress the
snake instability by providing an effective pinning poten-
tial, which, thus, stabilizes the domain wall. In other
words, in the quench dynamics for large qf , the snake in-
stability can be enhanced with the domain wall becoming
thinner, thus leading to proliferation of free composite
defects.
We perform the same quench experiment with a higher
qf/h = 10.6 Hz. The Bogoliubov analysis of the dynamic
instability of the initial EPP state shows that the char-
acteristic length and time scales for the quench dynam-
ics are proportional to
√
qf and 1/
√
qf , respectively, for
qf  c2n0 [17], and it is expected that domain walls
will be nucleated in a denser pattern within a faster time
scale. Indeed, we observe that a characteristically dense
network of thinner domain walls develops within 60 ms
and, also, that the domain walls subsequently break into
many composite defects [Fig. 4(a)], demonstrating the
enhancement of the snake instability.
After the fast wall splitting process, short free defects
are clearly identified in the center region of the conden-
sate at t > 0.2 s. The free defects have a spatial size. 5ξs
with various shapes. Some of the defects appear very
round [Fig. 4(a)A], while others show dumbbell shapes,
implying splitting [Fig. 4(a)B]. In the subsequent relax-
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FIG. 4. Temporal evolution of wall-vortex composite defects
in the quenched BEC for qf/h = 10.6 Hz. (a) Absorption
images of the mz = 0 component taken at various hold times
t after the quench. A complex network of domain walls is
nucleated and the walls dynamically split into many compos-
ite defects. (b) Free defect number Nd as a function of t.
Nrd denotes the number of round defects, whose shape aspect
ratio is < 1.2, and Nnrd = Nd−Nrd. Each data point was ob-
tained from five measurements of the same experiment and its
error bar denotes their standard deviation. (c,d) Schematic
description of free composite defects with different HQV con-
figurations. The superfluid phase winding around the free
defect is (c) 2pi or (d) 0. (e) In situ images of the axial mag-
netization Mz in the quenched BEC at t = 900 ms (left) and
2 s (right), showing long-lived magnetized defects.
ation evolution, the defect number Nd decays with a 1/e
lifetime of ≈ 5 s, where it is observed that most long-lived
free defects exhibit round shapes [Fig. 4(b)]. At t > 0.8 s,
the fractional population of the round defects increases
to over 80%. Here we count a defect as a round one if its
aspect ratio (≥ 1) is smaller than 1.2. From in situ mag-
netization imaging [10], we find that the long-lived de-
fects can have nonzero axial magnetization, i.e., contain
unequal |±1〉 spin populations at their cores [Fig. 4(e)],
which indicates that the spin current dynamics is intri-
cately involved in the defect formation process.
The free wall-vortex composite defects are classified
into two types according to the net circulation around
them. One type has a circulation of h/m with two HQVs
having the same circulation, which is topologically iden-
tical to a singly charged QV in a coarse-grained view
[Fig. 4(c)], and the other involves with two HQVs having
opposite circulations, which might be described as a mag-
netic bubble having linear momentum [Fig. 4(d)]. We re-
fer to them as vortex-vortex (VV) and vortex-antivortex
(VAV) types, respectively. Immediately after domain
wall splitting, the system can contain statistically equal
numbers of the defects for the two types. However, when
the free defects become short, comparable to ξs as ob-
served, the defect dynamics of each type will be different
because of different HQV interactions [33]. We may ex-
pect that small VV-type defects will survive longer with
the topological character of singly charged QVs, whereas
those of the VAV type will decay faster due to their lin-
ear motion in the trapped sample and possible vortex
pair annihilation [34]. In the experiment, we identify the
long-lived round defects as the VV type by confirming
the superflow circulation around them with the Bragg
scattering measurement [21, 35].
Finally, we remark on the peculiarity of defect forma-
tion in the EPP-to-EAP quantum phase transition. Since
the U(1) symmetry is simply broken in the final EAP
ground state in a similar manner to the case of scalar
BECs, one may expect a conventional Kibble-Zurek sce-
nario for vortex nucleation in our system. However, we
observe a two-step defect formation process: first, do-
main wall creation via the Z2 symmetry breaking, and
then, production of composite defects by a splitting of the
domain walls. The two-step scenario is also confirmed in
our numerical simulation for a uniform system, based on
the Gross-Pitaevskii equation for spin-1 BECs [21, 36].
Our observations show that defect formation in phase
transition dynamics critically depends on the symmetry
breaking sequence of the system [2].
In conclusion, we observed the creation of wall-vortex
composite defects in the EPP-to-EAP quantum quench
dynamics of an antiferromagnetic BEC and demon-
strated the unconventional mechanism of defect forma-
tion in the phase transition dynamics. Our findings pro-
vide a different framework for the nucleation of composite
defects via the Kibble-Zurek mechanism [1, 5]. Addition-
ally, the observation of the free composite defects encour-
ages the efforts to search for the exotic superfluid phase
in 2D antiferromagnetic spinor gases [9, 37, 38].
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7Supplemental Material
A1. Domain wall in the polar phase
To describe the theme of spontaneous symmetry break-
ing in our system, we introduce a complex vector field in
the Cartesian representation for spin-1 spinor BECs as
ψ = [ψx, ψy, ψz]
T
=
[
− 1√
2
(ψ+1 − ψ−1) ,− i√
2
(ψ+1 + ψ−1) , ψ0
]T
.
In this representation, the energy density E(ψ) is written
as
E(ψ) = ~
2
2m
∑
ν=x,y,z
|∂νψ|2 + q
(
|ψx|2 + |ψy|2
)
−µ |ψ|2 + c0
2
|ψ|4 + c2
2
|ψ ×ψ∗|2 . (S1)
In antiferromagnetic BECs with c2 > 0, the ground state
is the polar state, where we have the spin density vector
S ≡ iψ × ψ∗ = 0 and the order parameter of the polar
phase represented by
ψ = ψTdˆ (S2)
with a complex scalar field ψT =
√
neiφ and a real unit
vector field dˆ = [dx, dy, dz]
T.
To capture the feature of domain walls, we consider
a stationary solution for a planar domain wall perpen-
dicular to the y axis in a uniform system; dˆ → ±zˆ for
y → ±∞ [Fig. 1(a)]. The vector dˆ varies continuously
across the wall, with dˆ⊥zˆ at the core (y = 0). We as-
sume φ = 0 and dˆ⊥yˆ for ψ+1 = −ψ−1 without a loss
|ψ
x,y
|2
n0
1
0.2
0
0.4
0.6
0.8
q
c2n0
=0.07
0 10 20 30 40 50 60
y/ξ
FIG. S1. Numerical solutions for planar domain walls. Solid
and dashed curves show the spatial profiles of |ψx|2 and |ψz|2,
respectively, for q
c2n0
= 0.07, 0.18,0.35, 0.7, and 10 (from
right to left) with c2n0
µ
= 0.016. Here, n0 = µ/c0 is the
bulk density. The profile is symmetric with respect to y = 0.
The wall thickness is characterized by ξq =
~√
2mq
= ξ
√
µ
q
for ξq  ξ. In the core regime (|y| . ξq), the total density
n = |ψx|2 + |ψz|2 with ψy = 0 is almost constant for ξq  ξ,
while it decreases substantially for ξq ∼ ξ and finally vanishes
when ξq/ξ reaches to a certain value.
of generality. Then, the planar wall is evaluated by the
reduced energy density for the real functions ψx and ψz,
E → ~
2
2m
[(
dψx
dy
)2
+
(
dψz
dy
)2]
+qψ2x − µ
(
ψ2x + ψ
2
z
)
+
c0
2
(
ψ2x + ψ
2
z
)2
. (S3)
For the case of µ  q, the total density n (= ψ2x + ψ2z)
is approximately constant; the wall is thus characterized
by the parameter q. Comparing the gradient term and
the quadratic Zeeman term, the thickness of a domain
wall is characterized by
ξq =
~√
2mq
.
Figure S1 shows numerical solutions for the domain wall
for different values of q. According to the expression for
ξq, the domain wall becomes thicker as q decreases. This
behavior is qualitatively consistent with our experimental
observations.
A2. Structure of the wall-vortex composite defect
The structure of a wall-vortex composite defect is un-
derstood in a similar manner to that reported in the lit-
erature for superfluid 3He-B [4, 5]. In the 3He-B system,
the composite defect is formed due to the existence of
two different length scales; the coherence length and the
dipolar healing length. The length of the former is de-
fined by the superfluid condensation energy and is much
shorter than that of the latter, which is related to the
much weaker spin-orbit interaction. Correspondingly,
our system of anti-ferromagnetic spinor BECs has also
two different length scales; ξ = ~√
2mµ
and ξq. The length
ξ is defined by the term of c0 (or µ) in Eq. (S1), which
is associated with the condensation energy. The large
length ξq is related to the much weaker quadratic Zee-
man energy with q  µ; ξ  ξq. The length (energy)
(a) (b)
x=0x=0
y=0
φ
=
FIG. S2. Schematic illustration of (a) a linear HQV and (b) a
wall-vortex composite defect. The structure of the composite
defect can be described as a deformation from that of the
linear HQV, where the spin-rotating region is condensed along
the x axis for x > 0 to form a domain wall terminating at the
HQV at the origin.
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FIG. S3. Numerical time evolution of the density |ψmz=0,±1|2 and the phase argψ0 for qf = 2.6 Hz at t = (a) 0, (b) 0.150, (c)
0.215, (d) 0.300, (e) 0.429 sec. µ/h = 927 Hz and c2/c0 = 0.016. At t = 0, (ψ0, ψ±1) = (0,±
√
n0
2
). The size of each box is
724ξ × 724ξ.
hierarchy supports the coexistence of different kinds of
topological defects as composite defects. This argument
is connected with the condition q  µ to stabilize the
domain wall as a part of the composite object.
The two length scales ξ and ξq are associated with
a vortex and a domain wall, respectively. If the order
parameter varies spatially on length scales much shorter
than ξq, the quadratic Zeeman term is unimportant com-
pared with the gradient term. Then, the energy density
(S1) can be reduced to the simplest form
E →
∑
ν=x,y,z
~2
2m
|∂νψ|2 − µ |ψ|2 + c0
2
|ψ|4 ,
where again we assume ψ × ψ∗ = 0 by considering the
polar phase. This form of energy density supports the
existence of a HQV. A linear HQV is realized by consid-
ering a combination of two transformations, φ → φ + pi
and dˆ→ −dˆ, e.g.,
ψ(ρ, θ) =
√
n(ρ)ei
θ
2 dˆ(θ), dˆ(θ) =
[
cos
θ
2
, 0, sin
θ
2
]T
(S4)
with the cylindrical coordinate r = (ρ, θ, z) [Fig. S2(a)].
Here, the mismatch between (φ = 0, dˆ = zˆ) and (φ =
pi, dˆ = −zˆ) along the x axis for x > 0 is avoided
and the order parameter varies continuous there be-
cause of the discrete symmetry under the operation of
(φ, dˆ) → (φ + pi,−dˆ). Note that dˆ is ill-defined at the
origin because of the discrepancy for its orientation. In
the HQV core, the broken-axisymmetry (BA) phase is
energetically preferred causing a magnetized vortex core
with finite spin density of S⊥zˆ. The size of the magne-
tized core for the BA phase is at most on the order of the
spin healing length ξs = ξ
√
c0
c2
.
To understand the structure of a wall-vortex composite
defect, it is instructive to show a way to build a composite
defect by putting a HQV in the EAP state. A HQV
is a high-energy object and should be deformed due to
the quadratic Zeeman energy with q > 0. The order
parameter field in Eq. (S4) is deformed to decrease the
area of the region for dx 6= 0 since the energy density
there is higher than that in the dˆ = ±zˆ region. The phase
φ is not affected directly by the quadratic Zeeman energy.
After the deformation, the dˆ⊥zˆ region condenses along
the x axis for x > 0 to form a domain wall terminating at
the HQV at the origin [Fig. S2(b)]. Inside the wall core,
the vector field dˆ flips in a continuous manner from dˆ = zˆ
to dˆ = −zˆ with the phase φ fixed approximately. The
phase φ rotates from 0 to pi about the HQV core, while
the vector field dˆ is fixed to point along the z-direction
9outside the wall core.
A3. Numerical time evolution of the quench
dynamics in a uniform system
Such composite defects can be nucleated in the course
of our non-equilibrium quench dynamics. Domain walls
nucleated via the Kibble-Zurek mechanism for the Z2
symmetry breaking can transform into composite de-
fects owing to the snake instability, which causes a lo-
cal Josephson current and nucleates a pair of HQVs by
breaking a domain wall into two segments.
To demonstrate this scenario more clearly in a uniform
system, we numerically solve the Gross-Pitaevskii equa-
tion for spin-1 BECs. The numerical simulations were
done in a method similar to those of the phase transition
dynamics described by the Gross-Pitaevskii equation for
multi-component systems [36]. Figure S3 shows a two-
dimensional simulation for qf/h = 2.6 Hz from the initial
EPP state of (ψ0, ψ±1) = (0,±
√
n0
2 ) under the Neumann
boundary condition at x = ±L2 and y = ±L2 with the
system size L = 724ξ. The time evolution is quite con-
sistent with the two-step scenario of the defect formation
and explains well the experimental observations.
A4. Superflow detection with Bragg scattering
The superflow distribution in the BECs contain-
ing composite defects is investigated by employing a
spatially-resolved Bragg scattering method [11]. When
atoms are irradiated by a pair of counterpropagating
Bragg laser beams along the x′-direction, a two-photon
700 mst=400 ms
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mz=0
100 µm OD
20
arb.
units
(a)
(b)
FIG. S4. Ring-shaped domain walls in the quenched BECs
for qf/h=1.0 Hz. The experimental condition is same as that
in Fig. 2. The |0〉 component shows a density-depleted region
of ring geometry, which is filled by the |±1〉 components. The
spatial distributions of the spin components are suggestive of
a 2D Skyrmion spin texture which has the topological charge
Q = 1
4pi
∫
dxdy dˆ · (∂xdˆ× ∂ydˆ) = 1 [23].
process may resonantly occur by imparting momentum
~p0 = 2~kLxˆ′ and energy ε = ~δ to the atoms, where kL
is the wavenumber of the two Bragg beams and δ is their
frequency difference. The resonance condition is deter-
mined by ε =
p20
2m + ~p0 · ~v for the atom with velocity
~v, giving δd ≡ δ − δ0 = 2kLvx′ with vx′ = ~v · xˆ′ and
~δ0 = p
2
0
2m . Because of the velocity dependence of δ, the
spatial distribution of the Bragg scattering response for
a BEC directly shows the corresponding velocity region
in the BEC.
Figure S5(a) illustrates the experimental sequence for
our Bragg scattering measurement. We first turn off the
optical dipole trap (ODT). After a short 200 µs time-of-
flight (TOF), we apply two pairs of counterpropagating
Bragg laser beams to the sample for 800 µs [Fig. S5(b)].
Then, we apply an external magnetic field gradient for
3 ms to spatially separate the |mz =±1〉 components
from the |0〉 component. After a subsequent TOF, we
take an absorption image of the sample including the
scattered atom clouds [Fig. S5(c)]. The Bragg signal
SB(x
′, y′) is constructed as SB = n−−n+ with n±(x′, y′)
being the density distribution of the atoms scattered out
to the ±x′ direction, translated back to the condensate
frame [Figs. 3(c), 3(d), and S6(d)] [11]. The original den-
sity distribution of the |0〉 component can be obtained by
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FIG. S5. Spatially resolved Bragg spectroscopy with spin sep-
aration. (a) Experimental sequence for the Bragg scattering
measurement. (b) Schematic of the experimental setup. Two
pairs of counterpropagating Bragg beams (blue and red ar-
rows) are irradiated to the sample in the xy plane along the x′
axis. After the Bragg beams are applied, a pulse of magnetic
field gradient is applied for the Stern-Gerlach spin separation.
(c) Example of the image data for δd/2pi = −0.9 kHz. The
three spin components are spatially separated along the field
gradient direction (grey arrow) and the two atomic clouds are
scattered out from the original mz = 0 condnesate along the
±x′-directions, respectively.
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FIG. S6. Bragg scattering measurement data for qf/h =
2.6 Hz: −x′-scattered atom clouds (top), remaining mz= 0
condensates (middle), and +x′-scattered atom clouds (bot-
tom). (a) and (b) are the same data in Fig. 3 and (c) is mea-
sured from Fig. S5(c). (d) Bragg signal SB corresponding to
(c). The • (×) mark denotes the counterclockwise (clockwise)
circulation directions of the HQVs at the wall end points and
the dashed lines indicates the boundary of the whole conden-
sate. (e) Schematic description of the defect configuration.
The superflow directions are denoted by red and blue arrows.
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FIG. S7. Bragg scattering measurement data for hold times
t = (a) 1.2 s and (b-d) 1.5 s with qf/h = 10.0 Hz. Absorp-
tion images of the remaining mz= 0 condensates (left) and
the corresponding Bragg signals SB for δd/2pi = −2.0 kHz
(right). In (a,b),  (⊗) indicates the circulation direction at
the position of round composite defects. (c,d) show the cases
of dumbbell-shaped composite defects. Unidentified compos-
ite defects are indicated by the open ellipses.
combining that of the unscattered, remaining condensate
with n+ and n−, which is used for locating composite de-
fects in the BEC [Fig. 3(a) and 3(b)].
In our Bragg scattering experiments, the sample con-
dition is slightly different from that in the experiments
described in the main text. The condensate atom num-
ber is Nc ≈ 5.8 × 106 and the Thomas-Fermi radii
of the condensate are (Rx, Ry, Rz) ≈ (200, 143, 2.0) µm
for the ODT with trapping frequencies of (ωx, ωy, ωz) =
2pi × (4.5, 6.3, 460) Hz. The chemical potential and the
peak spin interaction energy are µ = h × 927 Hz and
c2n0 = h × 14.7 Hz, respectively. The Bragg beams are
red-detuned by 1.7 GHz from the |F = 1〉 to |F ′ = 2〉
transition and each beam has an intensity of 0.3 mW/cm
2
with a 1/e2 width of 1.8 mm Rx,y. The TOF duration
before taking an absorption image was chosen from the
range 6 to 11 ms for different measurements.
Figure S6(c) presents one of the rare occasions in the
Bragg scattering measurements for low qf/h = 2.6 Hz,
where the quenched BEC contains free composite defects.
Two free composite defects are shown to line up, de-
tached from the boundary of the condensate. The cir-
culation directions of the HQVs at their end points are
assigned based on the measured Bragg signal distribution
around them [Fig. S6(d)] despite the signal near the con-
densate boundary being faint due to low atom density.
The free composite defect on the left side shows a strong
negative Bragg signal along its wall, indicating its linear
motion in the +x′-direction, with its moving direction
consistent with the circulation directions of its HQVs.
In Fig. S7, we display four example data of the Bragg
scattering measurements at long hold times of t > 1 s
for high qf/h = 10.0 Hz, where several free composite
defects of small size are present in the quenched BEC.
Taking into account the short distances between the free
composite defects, the frequency difference of the Bragg
beams was set to be δd/2pi = −2.0 kHz, corresponding to
a higher velocity of vx′ = 0.6 mm/s ≈ 0.8 ~mξs , to probe a
region closer to the HQVs. The Bragg signal around the
long-lived, round-shaped defect shows opposite signs at
the different lateral sides with respect to the Bragg beam
axis line passing through the defect core. This demon-
strates the nonzero superflow circulation around the de-
fect, i.e., that the round-shaped defect is of the VV type.
We also present a couple of image data for dumbbell-
shaped defects in Figs. S7(c) and (d). The Bragg signal
indicates that the defect is of a VAV-type having two
HQVs with opposite circulations.
